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Replication of plus-stranded RNA viruses is performed by the viral replicase complex, which, together with the viral RNA, must be
targeted to intracellular membranes, where replication takes place in membraneous vesicles/spherules. Tombusviruses code for two
overlapping replication proteins, the p33 auxiliary protein and the p92 polymerase. Using replication-competent fluorescent protein-tagged
p33 of Cucumber necrosis virus (CNV), we determined that two domains affected p33 targeting to peroxisomal membranes in yeast: an N-
proximal hydrophobic trans-membrane sequence and the C-proximal p33:p33/p92 interaction domain. On the contrary, only the deletion of
the p33:p33/p92 interaction domain, but not the trans-membrane sequence, altered the intracellular targeting of p92 protein in the presence of
wt p33 and DI-72(+) RNA. Moreover, unlike p33, p92 lacking the trans-membrane sequence was still functional in supporting the replication
of a replicon RNA in yeast, whereas the p33:p33/p92 interaction domain in both p33 and p92 was essential for replication. In addition, p33
was also shown to facilitate the recruitment of the viral RNA to peroxisomal membranes and that p33 is colocalized with (+) and ()-
stranded viral RNAs. Also, FRET and pull-down analyses confirmed that p33 interacts with other p33 molecules in yeast cells. Based on
these data, we propose that p33 facilitates the formation of multimolecular complexes, including p33, p92, viral RNA, and unidentified host
factors, which are then targeted to the peroxisomal membranes, the sites of CNV replication.
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Replication of plus-strand RNA viruses is performed by
the viral replicase and it takes place on the surfaces of
cytoplasmic membranes (Ahlquist, 2002; Buck, 1996). For
the assembly of the viral replicase, which includes the viral
RNA-dependent RNA polymerase (RdRp), viral-coded
auxiliary proteins, and host factors, individual components
of the replicase complex must be recruited to the sites of
replication in infected cells. For several viruses, an auxiliary
viral protein, such as 1a of Brome mosaic virus (BMV) and
140K of Turnip yellow mosaic virus (TYMV), can localize to
the site of replication when expressed alone (Jakubiec et al.,0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.04.025
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E-mail address: pdnagy2@uky.edu (P.D. Nagy).2004; Restrepo-Hartwig and Ahlquist, 1999). These proteins
are also involved in targeting of the viral RdRp protein to the
site of replication via protein–protein interaction (Chen and
Ahlquist, 2000; Jakubiec et al., 2004) that takes place either
between the helicase domain and the unique N-terminal
region of the RdRp protein (BMV; Kao et al., 1992; O’Reilly
et al., 1997) or between the proteinase domain and the
polymerase domains (TYMV; Jakubiec et al., 2004).
Similarly, the 6-kDa protein of potyviruses and the NTB-
protein of nepoviruses are transmembrane proteins that serve
to anchor the viral replicase to membranes (Han and
Sanfacon, 2003; Schaad et al., 1997). In addition, the
BMV 1a protein is also implicated in targeting the viral
RNA to the sites of replication (Chen et al., 2001). For many
small plus-strand RNA viruses, such as members of the
Tombusviridae family, which encode overlapping replication005) 81 – 95
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and the viral RNA to the sites of replication is not fully
understood. For example, the N-terminally overlapping p27
and p88 replication proteins of Red clover necrotic mosaicFig. 1. Localization of p33 replication protein to peroxisomal membranes in ye
replication proteins are shown schematically. Note that p33 is fused with YFP to
RNA in yeast cells co-expressing either p33 or YFP-p33 in combination with the
yeast RNA extracts by ethidium bromide staining of agarose gel. Note that DI-72(
inducible GAL1 promoter. (C) Confocal laser scanning microscopy reveals that YF
of the punctate structures located close to the periphery of the yeast cell 24 h afte
DIC (not shown) and fluorescent images (left panel). (D) Co-localization of GFP-ta
microscopy. Pex3p and Pex13p are the only protein tested that co-localized with G
other proteins showed different localization pattern. DI-72 RNA and p92 were alvirus have been shown to localize to the endoplasmic
reticulum (ER), cause membrane restructuring and mem-
brane proliferation (Turner et al., 2004). In contrast, other
members of the Tombusviridae family are known to replicateast. (A) The known functional domains in the overlapping p33 and p92
facilitate its visualization in living cells. (B) Efficient replication of DI-72
p92 RdRp. The accumulation of DI-72 replicon RNA was detected in total
+) RNA transcripts (below detection level) are expressed from the galactose
P-p33 forms small punctate structures early (4 h), followed by enlargement
r induction from GAL1 promoter. The images on the right are merged from
gged p33 and RFP-tagged host proteins in yeast cells using epifluorescence
FP-p33 (indicated by the yellow color in the overlay column), whereas the
so expressed in all these yeast cells.
Fig. 1 (continued).
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et al., 1996; Weber-Lotfi et al., 2002).
Tombusviruses, which contain monopartite plus-stranded
RNA genomes of ¨4.8 kb, replicate efficiently in a wide
range of plant hosts. Replication of tombusviruses is
performed by the viral replicase containing viral replication
proteins, namely the overlapping p33 and p92 proteins, and
unknown number of host proteins. The essential p33 protein
is an RNA-binding protein carrying an arginine and proline-
rich (RPR) RNA-binding motif (Fig. 1) (Rajendran and
Nagy, 2003), which is involved in replication, subgenomic
RNA synthesis, and RNA recombination (Panaviene and
Nagy, 2003; Panaviene et al., 2003). P33 has been
postulated to play a role in template selection and recruit-
ment into replication by binding selectively to a conserved
stem-loop structure (the p33 recognition element, or p33RE)
present within the p92 open reading frame in the genomic
RNA or RII portion of the defective interfering RNA
(Monkewich et al., 2005; Pogany et al., 2005) associated
with Tomato bushy stunt virus (TBSV) or Cucumber
necrosis virus (CNV). P33 also contains the p33:p33/p92
interaction domain that promotes interaction with other p33
molecules or with p92 (Rajendran and Nagy, 2004), which
is essential for tombusvirus replication. P33 of the closely
related Cymbidium ringspot virus (CymRSV) has been
shown to get targeted to peroxisomal membranes (Navarro
et al., 2004), whereas the homologous p36 protein of
Carnation Italian ringspot virus, another tombusvirus, is
targeted to the mitochondrial membrane in the absence of
additional viral proteins or viral RNA (Rubino et al., 2001).
A basic tripeptide sequence adjacent to two hydrophobic
stretches, which constitute trans-membrane domains
(TMDs), likely serves as a peroxisomal targeting sequence
in CymRSV p33 based on subcellular localization studies in
yeast (Navarro et al., 2004).
The p92 protein, which includes the entire p33 sequence
in its N-terminus, is the RNA-dependent RNA polymerase
(RdRp) subunit of the tombusvirus replicase (Fig. 1A). The
actual functions of the N-terminal overlapping region in p92
during recruitment and replication remain undetermined.
One of the functions of the overlapping domain of p92 is to
interact with p33 via the common p33:p33/p92 interaction
domain (Fig. 1A). Interestingly, interaction between p33 and
p92 is required for the formation of active replicase
complexes (Rajendran and Nagy, unpublished).
In addition to the p33:p92 interaction, the viral RNA
template was also shown to stimulate the formation of
tombusvirus replicase complexes by 40-fold, likely serving
as an assembly platform for these proteins (Panaviene et al.,
2004). The viral RNA has additional replication functions as
well, such as affecting the position and efficiency of
initiation of complementary RNA synthesis; and regulating
the level of minus- versus plus-strand synthesis. Accord-
ingly, multiple cis-acting elements (promoters, enhancers,
and a silencer element), which can up- or down-regulate
RNA synthesis, have been identified within the tombusvirusRNA (Panavas and Nagy, 2003a; Panavas et al., 2002a,
2002b, 2003; Pogany et al., 2003; Ray and White, 2003).
Tombusvirus replication can be studied in Saccharomy-
ces cerevisiae, which supports efficient replication of a
tombusvirus replicon (termed DI-72 RNA) in the presence
of p33 and p92 replication proteins (Panavas and Nagy,
2003b; Pantaleo et al., 2003). The advantage of the yeast-
based replication assay is that expressions of p33, p92, and
the viral RNA can be regulated separately, allowing func-
tional studies on individual factors (Panaviene et al., 2004).
In addition, active replicase complexes can be purified from
yeast cells, facilitating biochemical studies on protein–
protein and protein–RNA interactions (Panaviene et al.,
2004; Rajendran and Nagy, 2004).
In this work, we tested the roles of several of the known
functional domains in p33 and p92 replication proteins on
intracellular localization and in viral RNA replication. Both
replication proteins and the viral RNA were shown to
colocalize with peroxisomal proteins in yeast actively
supporting virus replication. Deletion series revealed that
the N-proximal TMDs are important for peroxisomal
localization of p33. On the contrary, the comparable domain
in p92 played more limited role in intracellular localization
of p92. Interestingly, the p33:p33/p92 interaction domain
was also necessary for efficient localization of p33 and p92
to the peroxisomal membranes, suggesting that these
proteins might be transported as multiprotein complexes
within the cell. In summary, the data presented here define
an unexpected role for p33:p33/p92 interaction domain in
intracellular trafficking of these proteins and suggest that
p33 plays a significant role in recruitment of p92 protein to
the replication sites. In addition, the role of p33 in
recruitment of viral (+)RNA into replication is supported
by their colocalization in yeast cells in the absence of
replication. Subcellular colocalization experiments also
pointed at peroxisomal membrane-derived punctate struc-
tures as the sites of CNV replication, containing p33, p92,
the plus-stranded viral RNA, and the minus-stranded
replication intermediate RNA as well.Results
The fluorescent protein-tagged CNV p33 replication protein
is functional and localized to the peroxisomal membrane in
yeast
To study the intracellular localization of CNV p33
replication protein in yeast, we fused the yellow fluorescent
protein sequence (YFP) in frame with p33 sequence as
shown in Fig. 1A. Co-expression of the resulting YFP-p33
with p92 and DI-72 replicon RNA (Panavas and Nagy,
2003b) in yeast resulted in robust replication of the replicon
RNA, demonstrating that YFP-p33 fusion protein is func-
tional (Fig. 1B). Confocal microscopy performed on the
above yeast cells demonstrated that YFP-p33 formed small,
T. Panavas et al. / Virology 338 (2005) 81–95 85punctate structures and it was localized at the periphery of
the cell (Fig. 1C). We observed that YFP-p33 maintained
similar punctate structures at latter time points, although the
number and the overall sizes of the punctate structures
increased (Fig. 1C) in many of the cells examined.
To identify the intracellular location of p33 and the origin
of the punctate structures, we took advantage of the
availability of a set of red fluorescence protein (RFP,
monomeric)-tagged yeast protein markers that are known to
localize in different organelles and/or compartments (Huh et
al., 2003). For these experiments, we tagged p33 with green
fluorescence protein (GFP, similar to YFP-p33; Fig. 1A)
because the emitted fluorescence of GFP versus RFP can be
captured separately during co-localization studies (Huh et
al., 2003). Epifluorescence microscopy-based work (Fig.
1D) revealed that GFP-p33 (co-expressed with p92 and DI-
72 replicon RNA) co-localized with Pex3p, and Pex13p,
known proteins that localize to the peroxisomal membrane
in yeast (Huh et al., 2003). On the contrary, GFP-p33 did
not co-localize with Sec13p, Anp1p, Chc1p, Snf7p, Erg6p,
Ilv6p (Fig. 1D), and Pho86p (Fig. 2C), which are localized
to intracellular membranes, forming vesicular, Golgi, Endo-
some membranes, lipid particles, mitochondrial, or ER
membranes (Huh et al., 2003). Overall, these experiments
demonstrated that most of p33 is localized to peroxisome-
derived membranes in yeast cells. These CNV p33 intra-
cellular localization data are in good agreement with
observations obtained for p33 of CymRSV (Navarro et al.,
2004), which contains highly similar sequence with the
CNV p33 (not shown). Also, the various sizes of punctate
structures in different cells are likely due to different level of
membrane proliferation and aggregation of various mem-
branes/organelles induced by p33 as observed previously in
case of CymRSV p33 (Navarro et al., 2004).
Identification of p33 domains affecting its functions and
localization to the peroxisomal membrane
To test if other than the hydrophobic N-proximal domain
containing the two TMD sequences could affect the intra-
cellular localization of p33, we made five separate deletions
including the previously identified RNA-binding and
p33:p33/p92 interaction domains (Fig. 2). For these and
subsequent studies, we switched from GFP to the improved
CFP fluorescent protein tag (Rizzo et al., 2004), which
makes detection of p33 more sensitive (not shown), but
maintains the functionality of the fusion protein (Fig. 3). In
co-expression experiments with p92 and DI-72 replicon
RNA, we found that deletion of the N-terminal 70 aa did not
change the localization of CFP-p33 to peroxisomal mem-
branes (p33D70; Fig. 2), but it rendered p33 nonfunctional
because it no longer supported the replication of DI-72 RNA
(Fig. 3). This suggests that the very N-terminal sequence of
p33 does not affect its subcellular localization, yet it plays
an essential, albeit unknown function during tombusvirus
replication.Deletion of the N-terminal 100 aa, which also included
the first TMD sequence, had no effect on localization of p33
to peroxisomal membranes (p33D100; Fig. 2). On the
contrary, deletion of the N-terminal 150 aa, which included
the first and the second TMD sequences interfered with p33
localization to peroxisomal membranes (p33D150; Fig. 2).
Thus, the TMDs are required for correct localization of p33
in yeast. Neither of these p33 deletion mutants supported
DI-72 replication in yeast (Fig. 3).
Similar analysis of CFP-p33 deletion mutant lacking the
RNA-binding domain (p33DRPR) revealed that this domain
did not affect intracellular localization of p33 (Fig. 2). In
contrast, internal deletion of 11 aa within the p33:p33/p92
interaction domain, which includes critical residues in site 1
(S1; Rajendran and Nagy, 2004) that are required for
interaction, altered the localization of p33 (p33DS1; Fig. 2).
For example, CFP-p33DS1 was easily detectable in the ER,
which forms elongated structures across the cells (Huh et al.,
2003) and only a fraction of p33 was localized to the
peroxisomal membrane (Fig. 2). Localization of p33DS1 to
the ER was confirmed by using YFP-tagged Pho86p ER
marker (Fig. 2C) (Huh et al., 2003). On the contrary, the wt
p33 did not colocalize with Pho86p ER marker (Fig. 2C).
This surprising result with p33DS1 suggests that the
p33:p33/p92 interaction domain affects the efficiency of
intracellular localization of p33. As expected based on
previous results (Panaviene et al., 2003; Rajendran and
Nagy, 2003), neither p33DRPR nor p33DS1 were functional
in yeast (Fig. 3).
Domains in p92 RdRp protein affecting its function and
localization in yeast
Because the p92 RdRp protein includes the entire p33
sequence in its N-terminus, it is assumed that the N-terminal
sequence plays similar roles in p92 as in p33. To test if the
CNV p92 protein also localizes to the peroxisomal mem-
branes in yeast, we fused an enhanced YFP (Nagai et al.,
2002) in frame with p92 sequence. The resulting YFP-p92,
when co-expressed with p33 and DI-72 replicon RNA in
yeast from plasmid carrying the ADH1 promoter, supported
DI-72 RNA replication, confirming that the YFP tag did not
interfere with p92 functions (Fig. 3). Epifluorescence
microscopy revealed that the YFP-p92 protein co-localized
with Pex3p in yeast (Fig. 4), indicating that p92, similar to
p33, was also present in the peroxisomal membranes.
Testing a similar set of deletion mutants of p92 revealed
that deletions of the N-terminal 70 aa and 100 aa did not alter
significantly the subcellular localization of p92 (p92D70 and
p92D100; Fig. 4) when co-expressed with p33 and DI-72
replicon RNA in yeast. However, unlike deletions in p33, N-
terminal truncations of p92 only partially debilitated p92
function, which could support ¨11–17% replication of DI-
72 (Fig. 3). This suggests that the N-terminal sequence in
p92 is not essential for tombusvirus replication. Surprisingly,
however, deletion of 150 aa that removed both TMD
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Fig. 3. Defining domains in p33 and p92 affecting replication of DI-72 RNA in yeast. Top: Northern blot analysis of total RNA extracts obtained from yeast co-
expressing p33 and p92 and their derivatives (as shown) together with DI-72 RNA. p33 and p92 derivatives are shown schematically in Figs. 2 and 4,
respectively. The level of DI-72 RNA accumulation is shown at the bottom. Note that uncleaved DI-72 RNA transcripts (there is a self-cleaving tobacco
ringspot virus satellite ribozyme at the 3V end in DI-72 RNA to process the transcript) accumulate at a low level in each sample. The higher intensity band just
below the uncleaved transcripts is due to the formation of replicon dimers in samples containing replicating RNAs (Panavas and Nagy, 2003b). Bottom:
Ethidium-bromide-stained agarose gel used for Northern blotting to show the amount of ribosomal and DI-72 RNAs.
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localization of p92 (p92D150; Fig. 4). In addition, this
truncated p92 could support DI-72 RNA replication, albeit at
a reduced level (Fig. 3).
As expected, deletion of the N-terminal RNA-binding
domain (p92DRPR) in p92 did not affect localization of p92
(Fig. 4) when co-expressed with p33 and DI-72 replicon
RNA in yeast. Also, p92DRPR retained partial functionality
in tombusvirus replication (Fig. 3). However, deletion of site
1 in the p33:p33/p92 interaction domain in p92 (p92DS1;
Fig. 4) altered the subcellular distribution of p92, which was
similar to that of p33DS1, with detectable portion of YFP-
p92 retained in the ER and other portion of p92 localized to
the peroxisomal membrane (Fig. 4). p92DS1 was barely
functional (0.3%; Fig. 3) in tombusvirus replication con-
firming that the p33:p33/p92 interaction domain plays a role
in p92 targeting/localization and replication function.
Deletion of the entire overlapping (pre-readthrough)
domain completely abolished p92 localization to the
peroxisomal membrane (p92C; Fig. 4), demonstrating that
overlapping sequence is required for p92 targeting/local-
ization in yeast. As expected, p92C was nonfunctional in
tombusvirus replication (Fig. 3).
Demonstration of direct p33:p33 interaction in yeast cells
using FRET and co-purification
The observed surprising role of the p33:p33/p92 inter-
action domain in subcellular localization of both p33 andFig. 2. Defining domains in p33 affecting subcellular localization. (A) Schematic
shown). See Fig. 1 for description of various domains. (B) Co-localization of CFP
microscopy. Note the visualization of elongated structures in samples with p33D
shown). DI-72 RNA and p92 were also expressed in all these yeast cells. (C) Partia
but not with the wt p33 (top panel). See additional details in panel B.p92 proteins suggests that interaction between p33:p33 and
p33:p92 is likely important in intracellular targeting of p33
and p92 (see Discussion section). To demonstrate direct
interaction between p33 molecules in vivo, we used
fluorescence resonance energy transfer (FRET)-based assay
(Sekar and Periasamy, 2003; Wallrabe and Periasamy, 2005)
with cells co-expressing YFP-p33 and CFP-p33 (Fig. 5).
FRET is useful for studying close molecular interactions in
living cells. In FRET assay, one protein tagged with a
suitable fluorophore is excited (donor), followed by the
transfer of excitation to another fluorophore (acceptor) if the
fluorophores are brought into proximity (Sekar and Peria-
samy, 2003; Wallrabe and Periasamy, 2005). Thus, FRET
only occurs if the energy omitted from CFP-p33 upon
excitation is transferred to YFP-p33, which then produces
YFP fluorescence. To remove spectral bleedthrough
(unwanted contribution of donor and acceptor fluorescence
into the FRET channel), we used a new computer algorithm
(see Materials and methods), which eliminated spectral
bleedthrough, pixel-by-pixel, from the FRET data.
In these experiments, we detected corrected FRET signal
only when CFP-p33 and YFP-p33 were co-expressed in the
same cells (Fig. 5A). This suggests direct interaction
between p33 molecules in yeast cells. Similar FRET assay
for testing interaction between p33:p92 was not feasible
because of the ¨10-fold lower expression level for p92 in
yeast (not shown).
To confirm direct interaction between p33 molecules in
yeast, we also used coimmunopurification experiment (co-presentation of the expressed p33 derivatives (as CFP-fusion proteins, no
-tagged p33 derivatives and Pex3-RFP in yeast cells using epifluorescence
S1, which represents ER (Huh et al., 2003) (two independent samples are
l co-localization of Pho86-YFP, an ER marker, with p33DS1 (bottom panel)t
,
Fig. 4. Defining domains in p92 affecting subcellular localization. (A) Schematic presentation of the expressed p92 derivatives (as YFP-fusion proteins, no
shown). See Fig. 1 for description of various domains. (B) Co-localization of YFP-tagged p92 derivatives and Pex3-RFP in yeast cells using epifluorescence
microscopy. DI-72(+) RNA and wt p33 were also expressed in all these yeast cells. See further details in Fig. 2.
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Fig. 5. Direct interaction between p33 molecules in yeast cells. (A) FRET analysis demonstrates in vivo interaction between p33 molecules. CFP-p33 and YFP-
p33 were expressed separately or in the same yeast cells, followed by FRET analysis. Note that a computer algorithm (CircuSoft PFRET) was used to correct
for bleedthrough signals (see the row with ‘‘corrected FRET’’). (B) Co-purification of p33 molecules from yeast cells co-expressing GFP-p33 and p33FLAG.
Western blot analysis of crude and purified samples was done with anti-6His and anti-GFP antibody, respectively, as shown.
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(GFP-p33; Fig. 5B) or with FLAG (p33FLAG), followed by
affinity purification of p33FLAG. Western blot analysis of
purified p33FLAG preparation showed the presence of
GFP-p33 (Fig. 5B; lane 4). On the contrary, the co-
expressed GFP was not co-purified with p33FLAG (Fig.
5B; lane 3), excluding the possibility that the GFP domain
in GFP-p33 was responsible for the observed copurification.
Overall, the biochemical and the FRET data support direct
interaction between p33 molecules in yeast cells.
Co-localization of p33 replication protein and the viral RNA
in peroxisomal membranes
Because both p33 and p92 localize to peroxisomal
membranes, it is likely that this membrane surfaceconstitutes the site of viral RNA replication. To monitor
the intracellular location of DI-72 RNA and to test if p33
and DI-72 RNA co-localize in the cell, we adapted the
method of the Singer lab (Bertrand et al., 1998) (Fig. 6A).
Briefly, insertion of six copies of the MS2 phage coat
protein (MS2 CP) recognition hairpins into DI-72 RNA
[construct DI-72(+)/MS2; Fig. 6B] facilitated the binding of
this RNA to the YFP-tagged MS2 CP (MS2/CP-YFP).
Thus, distribution of DI-72(+)/MS2 RNA can be followed
in cells co-expressing MS2/CP-YFP. In the absence of DI-
72(+)/MS2, the MS2/CP-YFP is localized to the cell
nucleus, resulting in low background in the cytoplasm
(Fig. 6C) (Bertrand et al., 1998).
Twelve hours after induction of DI-72(+)/MS2 RNA
transcription from the GAL1 promoter in yeast cells co-
expressing MS2/CP-YFP, CFP-p33, and wt p92, we
Fig. 6. Subcellular localization of DI-72(+) RNA in yeast. (A) Schematic presentation of subcellular localization of MS2/CP-YFP and CFP-p33 in yeast in the
absence of viral RNA and (B) in the presence of DI-72(+)/MS2. Specific interaction between the MS2 CP and the MS2 CP recognition hairpin (present in six
copies in DI-72(+)/MS2) should result in relocalization of MS2 CP as shown. (C) Co-localization of CFP-tagged p33 and the YFP-tagged MS2/CP bound to the
DI-72(+)/MS2 RNA in yeast cells using epifluorescence microscopy. Note that DI-72()/MS2 RNA (bottom panel) contains the six copies of MS2 CP
recognition hairpins in complementary orientation. Therefore, MS2/CP-YFP could only bind to the negative-stranded DI RNA, which is generated during the
replication of DI-72()/MS2 RNA. (D) p33 facilitates the peroxisomal localization of DI RNA in yeast. DI-72(+)/MS2 RNAwas expressed in the absence (top
panel) or presence (bottom panel) of p33. The localization of DI-72(+)/MS2 RNAwas monitored via the interaction between the GFP-tagged MS2/CP and the
MS2 CP recognition hairpins. Pex3-RFP (Fig. 2) was used as a peroxisomal marker. DI-72(+)/MS2 RNA did not replicate in these cells due to the absence of p92.
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ment (i.e., peroxisome) (Fig. 6C). This suggests that most of
DI-72(+)/MS2 RNA is located within the replication sites at
the early time point. On the contrary, at the late time point,
the replicon RNAwas distributed in the entire cell, albeit not
evenly (Fig. 6C), whereas p33 showed the characteristic
peroxisomal distribution pattern even at this late time point.
Altogether, the partial overlapping distribution of DI-72(+)/
MS2 RNA and p33 suggests that only a fraction of the plus-
stranded replicon RNA is associated with p33 (i.e., likely
involved in replication) at the late time point, while the
majority of DI-72(+)/MS2 RNA is freed from replication
and distributed in the cytoplasm.
To monitor the distribution of minus-stranded replicon
RNA (the replication intermediate) in yeast cells, we used a
similar approach with six copies of the MS2 phage CP
recognition hairpins inserted into DI-72 RNA, but in
complementary orientation [construct DI-72()/MS2, not
shown]. In this arrangement, only the minus-stranded
replication intermediate RNA could bind to the YFP-tagged
MS2 CP co-expressed in the same yeast cells. Epifluo-
rescence microscopic analysis revealed the perfect co-
localization of CFP-p33 and MS2/CP-YFP (which is bound
to the minus-stranded DI RNA) in yeast even at the late time
point (Fig. 6C). Therefore, we conclude that p33 and the
minus-stranded replication intermediate of DI-72()/MS2
RNA is co-localized in yeast, supporting that p33 is indeed
present at the sites of replication. Moreover, this finding also
suggests that, unlike the plus-stranded RNA, the majority of
minus-stranded replication intermediate RNAs is present
within the replication sites.
P33 is required for peroxisomal localization of the viral
RNA
Because all the above colocalization experiments were
based on a replication compatible system, containing p33,
p92, and the replicon RNA, we could only monitor the
subcellular distribution of the abundant replicating RNAs,
but not the minute amount of original DI-72 RNA tran-
scripts (Fig. 6, see also Fig. 3). Therefore, to test if p33 is
involved in recruitment of the viral RNA to peroxisomal
membranes, we used a replication incompatible system that
lacked p92. To this end, we co-expressed p33, MS2/CP-
GFP, Pex3-RFP, and DI-72(+)/MS2 RNA in the same yeast
cells. We replaced the MS2/CP-YFP with MS2/CP-GFP
because the enhanced YFP gave too strong signal as
compared to the less fluorescent RFP, making co-local-
ization more difficult (not shown). However, using MS2/
CP-GFP, we detected a small fraction of Pex3-RFP
colocalized with MS2/CP-GFP, suggesting that DI-72(+)/
MS2 RNA transcripts were targeted to the peroxisomal
membranes (Fig. 6D). Thus, these data support a role for
p33 in recruitment of DI-72(+) RNA to peroxisomal
membranes (i.e., into replication). As a control, we tested
the subcellular localization of DI-72(+)/MS2 RNA in theabsence of p33. Epifluorescence microscopy revealed that
Pex3-RFP and MS2/CP-GFP did not colocalize in these
cells, demonstrating that the replicon RNAwas not recruited
to the peroxisomal membrane in the absence of p33. This is
not due to rapid degradation of DI-72(+)/MS2 RNA in the
absence of p33, because comparable amount of replicon
transcripts is present in cell with or without p33 (data not
shown and Panavas and Nagy, 2003b). We propose that,
unlike in the presence of p33 that led to concentration of the
viral RNA to the peroxisomes, the small amount of target
viral RNA transcripts were diffused in cells in the absence
of p33, thus making the visualization of DI-72(+)/MS2
RNA:MS2/CP-GFP complex difficult. Localization of most
MS2/CP-GFP to the cell nucleus in these experiments (Fig.
6D) was probably due to the presence of small amount
target RNA in the absence of replication (Fig. 3).Discussion
Multiple domains affect peroxisomal targeting and
replication function of p33
The p33 tombusvirus replication protein is present in the
viral replicase complex associated with membranes (Nagy
and Pogany, 2000; Panaviene et al., 2004; Scholthof et al.,
1995). Previous works defined that an N-proximal hydro-
phobic sequence of p33, which includes a basic tripeptide
adjacent to the two TMDs, is essential for p33 targeting to
the peroxisomal membrane (CymRSV; Navarro et al.,
2004). However, data shown in this paper based on
subcellular localization of p33 in combination with func-
tional replication studies reveal a complex picture for the
targeting and recruitment of p33 to the peroxisomal
membranes and its replication functions. For example,
CFP-tagged p33 was targeted to peroxisomal membranes
even when it lacked both the basic tripeptide and TMD1
(Fig. 2). However, no peroxisomal localization was
observed when both TMDs were missing, confirming that
the N-terminal region of p33 is essential for peroxisomal
targeting. An additional intriguing observation presented in
this work is the effect of the p33:p33/p92 interaction domain
on subcellular localization of p33. For example, only a
portion of p33DS1 localized to the peroxisomal membranes,
significant amount of the mutated p33 was found in the ER
(Fig. 2). This suggests that p33 might form multiprotein
complexes containing several p33 molecules within the ER,
prior to its targeting to peroxisomal membranes. On the
contrary, p33 with mutation within the p33:p33/p92
interaction domain might be targeted as individual mole-
cules, thus making the process less efficient.
Accordingly, using FRET and co-purification assays
(Figs. 5A–B), we demonstrated in vivo interaction between
p33 molecules in yeast cells in the absence of viral RNA.
Moreover, previous work based on the yeast two-hybrid
assay and an in vitro binding assay based on surface
T. Panavas et al. / Virology 338 (2005) 81–9592plasmon resonance measurements defined interaction
between p33 molecules and between p33 and p92 (Rajen-
dran and Nagy, 2004). The ability to interact was important
for the replication function of both p33 and p92, which was
confirmed in this work as well (Fig. 3). Overall, these
findings strongly support a central role for the p33:p33 and
p33:p92 interactions in tombusvirus replication.
Identical sequences in p33 and p92 play different roles in
tombusvirus replication
Targeting of the p92 to the peroxisomal membranes
looks even more complex than targeting of p33 because (i)
peroxisomal localization of p92, unlike p33, was not
abolished by deletion of the two TMDs when co-expressed
with p33 and DI-72 replicon RNA in yeast; (ii) also,
replication of the replicon RNA was not abolished by
deletion of the two TMDs in p92, suggesting that the
mutated p92 must be present in the replicase complex at the
replication site; and (iii) similar to p33, intracellular local-
ization of p92 was partially affected by deletion of the
p33:p33/p92 interaction domain. Based on these observa-
tions, we suggest that the functions of various domains
within the overlapping portion of p92 are different from
those in p33. This is further supported by the essential
nature of the RPR RNA-binding domain in p33, whereas the
comparable domain only inhibited, but did not abolish the
replication function of p92 (Fig. 3). Previous work in
Nicotiana benthamiana protoplasts also indicated lesser role
for the RPR RNA-binding domain in p92 than in p33
(Panaviene et al., 2003). Therefore, we conclude that in
spite of the identical sequences, p33 and the overlapping
domain of p92 have different functions during tombusvirus
replication.Fig. 7. A model on the role of the p33:p33/p92 interaction domain in tombusvirus r
p33 and p92 via the p33:p33/p92 interaction domain could facilitate the formation
p33 binds specifically to the DI-72 RNA [RII(+)-SL hairpin in RII (Pogany et al.
viral RNA could also facilitate the assembly of these multimolecular complexe
membranes with the help of the peroxisomal targeting sequence in p33 (basic tripe
complexes, instead of individual molecules, could facilitate the formation of MVB
likely contribute to this process (not shown).The role of p33 in recruitment of viral RNA to peroxisomal
membranes
Punctate structures formed from peroxisomal membranes
and present at the periphery of the cells likely represent the
sites of CNV replication. This is because they contain p33,
p92, the viral plus-strand RNA, and the minus-stranded viral
RNA replication intermediate. Interestingly, these sites
contain all minus-stranded viral RNA, suggesting that the
minus-stranded RNA is mostly associated with replicase
complexes and they are not released from them at a
detectable level. This is in contrast with the plus-stranded
viral RNA, which is associated with the viral replicase at the
early time point, but most plus-stranded RNA is found
diffused in the cytoplasm at the late time point. The above
data suggest that the plus-stranded RNA is released
efficiently from the viral replicase after its synthesis.
Altogether, the release of the plus-stranded viral RNA from
replication would allow its participation in other processes,
such as encapsidation, cell-to-cell movement (in plants), etc.
On the other hand, keeping the minus-stranded viral RNA
associated with the replicase during replication should help
decrease the detection of double-stranded viral RNAs
(formed between complementary plus- and minus-strands)
by the host gene silencing apparatus, which is an antiviral
defense mechanism in plants (Baulcombe, 2002; Lecellier
and Voinnet, 2004; Vance and Vaucheret, 2001).
Detection of peroxisome-localized non-replicating DI-
72(+) RNAwas close to the limit in cells co-expressing p33
(Fig. 6D). It is possible that recruitment of DI-72(+) RNA
by p33 to the peroxisomal membranes is a limiting step that
could create a ‘‘bottle neck’’ in replication. This could be
important for regulating the amount of viral template RNA
entering the replication cycle.eplication. (Step 1) Interaction between multiple p33 molecules and between
of multimolecular complexes either in the cytoplasm or in the ER. Because
, 2005), which constitutes the p33 recognition element], it is likely that the
s. (Step 2) The formed complex will then be targeted to the peroxisomal
ptide and the TMDs) (Navarro et al., 2004). Targeting of the multimolecular
s that serve as a place of viral RNA replication. Unidentified host proteins
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replication
Based on the above and published results (White and
Nagy, 2004), the emerging picture is that p33 is the ‘‘master
regulator’’ of tombusvirus replication. We propose that p33
might assist in targeting p92 and other p33 proteins (likely
by forming multiprotein complexes) as well as the viral
RNA (Fig. 6D; Monkewich et al., 2005; Pogany et al.,
2005) to the peroxisomal membranes, which are the sites of
replication (Fig. 7). The p33 assisted assembly of large
multiprotein–RNA complexes prior to intracellular target-
ing would facilitate their mutual recruitment to the sites of
replication. On the other hand, individual recruitment of
these factors to the sites of replication (which might take
place if the S1 portion of the p33:p33/p92 domain is
deleted; Figs. 2 and 4) would make it significantly more
difficult to control the formation of similar-sized replication
complexes (i.e., regulation of the ratio between p33, p92 and
RNA molecules and possibly host factors) at the replication
sites. Altogether, the assistance of p33 in recruitment of
other p33 molecules and of p92 as well as the viral RNA
(via the p33RE element) might be similar to the roles that
auxiliary replication proteins in other plus-strand RNA
viruses play during the recruitment of the RdRp protein into
replication (Chen and Ahlquist, 2000; Jakubiec et al., 2004).
Thus, in spite of the presence of identical sequences in p33
and p92, the overlapping domains likely play different roles
in tombusvirus replication. This strategy potentially
increases the number of functions and regulatory steps
employed by tombusviruses with limited coding capacity.Materials and methods
Yeast strains and expression plasmids
Yeast strains expressing Sec13-RFP, Anp1-RFP, Chc1-
RFP, Snf7-RFP, Erg6-RFP, and Pex3-RFP peroxisomal
fluorescent marker from their chromosomal locations were
created in BY4741 background and were a generous gift by
Von-Ki Huh (Nature 425, 686–691, 2003). To express C-
terminal fusions of Pex13-CFP, Ilv6-CFP, or Pho86-YFP, we
inserted the Pex13, Ilv6, and Pho86 ORFs into the pGADT7
plasmid. For PCR-amplification, we used yeast genomic
DNA as templates and the following primer pairs: Pex13:
#1277(CGGCAAGCTTACCATGTCATCCACAGCAGTA-
CCACGA) and #1278 (CGGGCTCGAGGTGTGTACGCQ
GTTTCATCATCAACA); Ilv6: #1287 (CGGCAAGCTTAC-
CATGCTGAGATCGTTATTGCAAAGCG) and #1288
(CGGGCTCGAGACCAGGTGGTAGTTGGGAAATGT-
CGA); Pho86: #1269 (CGGCAAGCTTACCATG-
GCGGTTCAACAAAGAAAGAAGA) and #1270
(CGGGCTCGAGGTCCTTGTGTTCGGCTTTAAAATGGA).
The CFP and YFP genes were amplified with primers #1293
(CGGGCTCGAGGTGAGCAAGGGCGAGGAGCTGTTCA)and #1294 (CGGCGGATCCTTACTTGTACAGCTCGTC-
CATGCCGA). Each of the above PCR-amplified yeast genes
was digested with HindIII and XhoI, and the fluorescent tags
with XhoI and BamHI. This was followed by simultaneous
in-frame ligation of one of the yeast genes with either CFP or
YFP into theHindIII andBamHI digestedmodified pGADT7
vector. Yeast transformation with plasmids (see below) was
done according to the standard LiAc/PEG protocol (Gietz and
Woods, 2002).
Plasmids pGAD-His92, pHisGBK-His33, and pYC/DI-
72 have been described elsewhere (Panavas and Nagy,
2003b; Panaviene et al., 2004). To create N-terminal fusion
derivatives of p33 and p92, we inserted in frame the ORFs
of either the YFP-Venus (Nagai et al., 2002; a generous gift
by Atsushi Miyawaki), GFP (Clonetech) and CFP-Cerulean
(Rizzo et al., 2004; a generous gift by David W. Piston) into
pGAD-His92 and pGBK-His33, respectively, yielding
pGAD-His-Y-92 and pGBK-His-C-33. For this, we PCR-
amplified YFP-Venus, GFP, and CFP-Cerulean sequences
using primer pair of #1291 (5V-CGGCGGATCCGTGAG-
CAAGGGCGAGGAGCTGTTCA-3V) and #1295 (5V-
CGGCGGATCCCTTGTACAGCTCGTCCATGCCGA-3V).
The obtained PCR products were digested with BamHI and
inserted into the unique BamHI site between the 6His tag
and the 5V-terminus of the p33 or p92 genes.
To make deletions in p33 or p92 genes, the correspond-
ing sequences were replaced in pGBK-His33 or p92 in
pGAD-His92 with PCR fragments obtained using pGAD-
His92 as a template. For generation of constructs p33D70N,
p33D100N, and p33D150N, the primer pairs for PCR were
#1547 (5V-CGACGGATCCATGAAACGCAGGAGGGT-
TGGTGA) and #992B (5V-GAGCTGCAGCTATTTCACAC-
CAAGGGA); #1548 (5V-CGACGGATCCATGAAGQ
AAGACCGTTGCGCTTCGGGCCT) together with #992B;
and #633 (5V-CGACGGATCCATGTACGCTACCCTACC-
CAGGGA) and #992B. Deletion of the 6 aa RPR motif was
achieved by generation of an NheI site using two primer
pairs #424 (5V-CGACGGATCCGATACCATCAAGAG-
GATGCTGTG) and #994B (5V-CCGCgctagcTCCTGTG-
GACGCAATTACCT) and #993B (5V-GCGGgctagcQ
TATGCAGCTAAGATTGCACA) and #992B, followed by
joining the two PCR fragments through the common NheI
site. Deletion of the 11 aa (the S1 site) within the p33:p33/
p92 interaction motif was done by generation of an SphI
sites using primer pairs #424 and #1550 (5V-CCGCGCATG-
CATTCTCAGGAGTGTTCTTCAGGT) and #1549 (5V-
CCGCGCATGCATGGACAAAGATTGCGTCAGG-
TATGT) and #992B, followed by joining the two PCR
fragments through the common SphI sites. The same
deletion strategy was used to construct deletion-derivatives
of p92 except replacing #992B oligo with #952 (5V-
CCCGCTCGAGTCATGCTACGGCGGAGTCAAGGA).
For the RNA localization studies, the pG14-MS2-GFP
plasmid expressing MS2/CP-GFP was graciously provided
by Robert H. Singer (Bertrand et al., 1998). To create the
pYC/DI-72(+)/MS2 plasmid (for expression of DI-72(+)/
T. Panavas et al. / Virology 338 (2005) 81–9594MS2 RNA), we first eliminated the BamHI site in pYC2/CT
(Invitrogene) by treatment with BamHI and Klenow
polymerase, followed by religation. Second, we generated
pYC/DI-72bam by introducing a BamHI site between RII
and RIII using primers #542 (5V-GCCCGAAGCTTG-
GAAATTCTCCAGGATTTC) and #1565 (5V-CGGCGG-
ATCCCTGCTTTTACGAAGGTAGTC) as well as #421
(5V-CGCGGATCCAGCGAGTAAGACAGACTC) and
#1069 (5V-ccggtcgagctcTACCAGGTAATATACCA-
CAACGTGTGT) followed by digestion of the first frag-
ment with HindIII–BamHI and the second with BamHI–
SacI. The two fragments were then cloned simultaneously
into pYC2/CT lacking BamHI site. Finally, to generate
pYC/DI-72(+)/MS2, the BamHI–BglII fragment encoding
six MS2 hairpins (Bertrand et al., 1998) was excised from
the pSL-MS2-6 plasmid and cloned into the BamHI site in
pYC/DI-72bam. The same strategy resulted in generation of
pYC/DI-72()/MS2.
RNA analysis
Transformed yeast cells with selected plasmids were
grown on selective media as described (Panavas and Nagy,
2003b; Panaviene et al., 2004). After yeast cells were
pelleted, total RNA extract was prepared using a modified
hot phenol method (Schmitt et al., 1990), followed by
analysis on 1.0% agarose gel. For the Northern blot analysis,
the 32P-labeled RNA probes were prepared by in vitro
transcription with T7 RNA polymerase from a PCR product
obtained with primers #15 (5V-GTAATACGACTCACTA-
TAGGGCATGTCGCTTGTTTGTTGG) and #20 (5V-
GGAAATTCTCCAGGATTTCTC) and DI-72 as a template
(Panavas and Nagy, 2003b).
Confocal laser and epifluorescence microscopy
Confocal laser scanning micrographs were acquired on a
Leica TCS SP2-AOBS (Leica Microsystems, Bannockburn,
IL) microscope. YFP was excited using the 488 nm laser
line. Epifluorescence micrographs were acquired using an
Axiocam MR monochromatic digital camera mounted on a
Zeiss Axioplan2 microscope (Carl Zeiss Microimaging Inc.,
Thornwood, NY) equipped with Axiovision software 4.2.
Filter sets that permitted viewing of the relevant fluores-
cence proteins were purchased from Chroma Technology
Corporation (Rockingham, VT) and included (i) filter set
#31001 for viewing GFP. This set consisted of a D470/40X
excitation (Ex) filter, a 505 DCLP dichroic and a D540/40X
emission (Em) filter. (ii) Filter set #310044 V2, used for
capturing CFP fluorescence, consisted of a D436/20X Ex
filter, a 455DCLP dichroic, and a D480/40M Ex filter. (iii)
YFP fluorescence was viewed using a #41028 filter set that
consisted of an HQ500/20X Ex filter, a Q5151LP dichroic
and an HQ535/30M Em filter. (iv) For viewing fluorescence
from monomeric RFP, a #41035 filter set consisting of an
HQ546/12X Ex filter, a Q560LP dichroic, and an HQ650/75M Em filter was used. (v) CFP/YFP FRET was captured
using a #31052 filter set that consisted of a D436/20X Ex
filter, a 455DCLP dichroic, and a D535/30M Em filter.
Differential interference contrast (DIC) images like the
epifluorescent images were captured with a Plan Apochro-
mat 100X/1.4 oil immersion lens.
To obtain FRET data, we captured images of yeast strains
expressing (i) CFP-33; (ii) YFP-33; or (iii) CFP-33 together
with YFP-33 using three filter sets (one for CFP, YFP, and
FRET), and the images were uploaded to the pFRET
software (CircutSoft Instrumentation, Hockessin, DE) to
obtain the corrected FRET image.
Pull-down assay
For the pull-down experiment the FLAG-tagged p33 was
expressed together with either CFP or CFP-p33 fusion
protein. The FLAG-p33 was purified as described previ-
ously (Panaviene et al., 2004) except that the anti-FLAG M2
Agarose (Sigma) was used instead of Ni-agarose. Proteins
were eluted with 100 mM beta-mercaptoethanol. For the
Western blot, we used anti-GFP (generous gift by Michael
Goodin) or anti-6His (Amersham) antibodies. The detection
was achieved with alkaline phosphatase conjugated to either
anti-chicken or anti-mouse secondary IgG.Acknowledgments
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